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Three CLEO-c results related to flavour-physics are presented: the determination of the strong-phase difference 
between D° — ► A' + 7r~ and D° — > .K" _ 7r + , <5, the measurement of the coherence parameter and average strong- 
phase difference between D° — > _K" + 7r~7r~7r + and D° — > K~n + ir + ir~ and measurements of the variation of strong- 
phase difference between D and D° decays to K s tt + ty~ over phase space. All measurements are important for 
determining the unitarity triangle angle 7 from B — » D^*'K^*' decays. Furthermore, the measurement of 5 is 
important for interpreting D° — D° mixing. 



1. Introduction 

The precise determination of the unitarity tri- 
angle angle 7 is a principal goal of flavour physics. 
In particular, measurements of 7 from tree-level 
processes, which are insensitive to Beyond the 
Standard Model (BSM) physics, can be compared 
to measurements in loop processes, which are sen- 
sitive to virtual corrections from BSM physics. 
The current average of tree-level determinations 
of 7 is (77I32) P. The most precise determi- 
nations to date come from measurements of di- 
rect CP violation in _B ± — > DK^, where the D 
is a D° or D° decaying to the same final state. 
Determinations of 7 from such measurements re- 
quire knowledge of the strong decay parameters 
of the D° and D°, in particular the strong-phase 
differences. 

Strong-phase differences and other important 
parameters of multi-body D decay, relevant to 
7 measurements, can be studied in quantum- 
correlated D°D° pairs produced in e + e _ colli- 
sions at a centre-of-mass energy equal to the 
-0(3770) mass. The charge-conjugation quantum 
number (C) of the initial and final states is —1. 
Therefore, if one D decays into a CP eigenstate 
such as 7r + 7r~ this identifies the other D to be 
in a state of opposite CP. The CP-tagged rates 
of decays are sensitive to the strong-phase differ- 
ences required for 7 measurements. Furthermore, 
using multi-body D decays to determine 7 re- 
quires knowledge of additional parameters related 
to the presence of intermediate resonances; these 



can also be determined from quantum-correlated 
D-decay data. 

Studies of D — > K~n + decays at the -0(3770) 
are also sensitive to the D° — D° mixing parame- 
ters as well as the strong-phase difference between 
doubly Cabbibo suppressed (DCS) and Cabbibo 
favoured (CF) decays 8, which is defined by the 
relation (K + ir\D°)/(K-ir + \D a ) = re lS , where 
r = 0.0616 [2] is the absolute value of the am- 
plitude ratio. 

These proceedings describe three measure- 
ments by CLEO-c of quantum-correlated D- 
decay. Section [5] describes the CLEO-c experi- 
ment and data sets used for the analyses. Sec- 
tion [3] presents a measurement of charm mix- 
ing parameters and 8. Sections U and [5] describe 
measurements of strong parameters related to 7 
measurements in the multi-body decays D — > 



i^TTF 



7T T 7r T 7T 



and D — > Kgir+n , respectively. 



2. CLEO-c 

All measurements presented are made with 
e + e~ — » -0(3770) data accumulated at the Cor- 
nell Electron Storage Ring (CESR). The CLEO-c 
detector is used to collect these data, which is 
described in detail elsewhere [3]. The total inte- 
grated luminosity of the data is 818 pb _1 , how- 
ever, only 218 pb _1 have been used so far for the 
measurement of S presented in Section [3J 



Table 1 

Correlated (C-odd) effective D°D° branching 
fractions to leading order in conjugate modes are 
applied. The rates are normalised to the multiple 
of the uncorrelated branching fractions. 



Mode 



Correlated branching fraction 



K~tt + vs. K~ir^ 
K~tt + vs. K + ir~ 
K~n + vs. S± 
K~tt + vs. e~ 
S± vs. S± 
S+ vs. S- 
S± vs. e~ 



Rm 

(1 + Rws) 2 ~ 4r cos 5(r cos <5 + y) 

1 + Rws i 2r cos 8 ± y 

1 — ry cos 8 — rx sin 8 



4 

l±y 



3. Measurement of mixing and the strong- 
phase difference in D — > K~tt + 

Charm mixing is described by two dimension- 
less parameters x = (M 2 — Mi)/T and y = 
(r 2 — Ti)/2r, where Mi j2 and ri j2 are the masses 
and widths, respectively, of the CP— {D\) and 
CP+ (D2) neutral D meson eigenstates and T = 
(ri + r 2 )/2. Mixing has been probed in lifetime 
measurements to CP-eigenstates and in DCS de- 
cays^ However, when measuring mixing with the 
DCS decay D° — > K + ir~ the quantities measured 
are Rm = (x 2 + y 2 )/2 and y' = ycosS — xsmS. 
Therefore, without a direct determination of 6 it 
is impossible to combine or compare the deter- 
minations of y from other measurements to those 
from D° — » K + ir~ . Furthermore, constraining 
6 is an important input to measuring 7 from 
B ± -* DiK+TT-)^ decays [5]; this method is 
discussed further in Section 0J 

The first measurements of the parameters y 
and cos S in quantum-correlated -0(3770) data are 
presented; the method, which is known as The 
Quantum Correlated Analysis (TQCA), follows 
that described in Ref. [§]. The parameters are 
extracted by comparing the decay rates where ei- 
ther one (single-tagged) or both (double-tagged) 
neutral D decays are reconstructed. The effec- 
tive double-tagged rates for different final states 
are summarised in Table [TJ where S and e are 
used to indicate CP± eigenstates and semilep- 
tonic final states, respectively; some rates de- 
pend on the D — » K~ir + wrong-sign rate ra- 



tio, Rws = r 2 + ry 1 + Rm- The most striking 
consequences of the quantum correlations are the 
enhancements and suppression of the D°D° de- 
caying to opposite and the same CP eigenstates, 
respectively. 



Table 2 

Final states reconstructed in TQCA. 



Type 



Final states 



Flavoured K 7r+, K + 

S+ K+K~, 7T+7T 

e^ Inclusive Xe+f, Xe 



K° S 7T°7T , K° L K 



The analysis has been performed with 218 pb 
of -0(3770) data [7]. The single and double-tag 
rates have been determined for the final states 
listed in Table O Hadronic final states without 
a Kl are fully reconstructed via two kinematic 
variables: the beam-constrained candidate mass 

M = \/ E 'La m - PD and AE = E D - E beam , 

where Ebeam is the beam energy, po and Ed are 



1 For a review of charm mixing results see Ref. [2] . 



the D° candidate momentum and energy, respec- 
tively. The yields are extracted from the one or 
two dimensional M distributions for single and 
double-tagged events, respectively. The recon- 
struction of K^ir events utilises the missing-mass 
technique described in Ref. [5]. The inclusive e ± 
tags exploit electrons identified using a multivari- 
ate discriminant [5]. 

The standard fit to determine the mixing pa- 
rameters and cos S includes independent, exter- 
nal measurements of Rm , Rws and uncorrelated 
branching fractions. Additional external mea- 
surements of charm mixing are included in an 
extended fit which allows x sin 5 to also be deter- 
mined. The fit accounts for correlations amongst 
the inputs and any cross-feed between the signal 
channels. 

The results of the standard and extended fit 
are given in Table [3] A value of x sin 5 can only 
be determined reliably in the extended fit. The 
extended fit likelihoods for cos 5, irsini5 and S are 
shown in Figure [TJ Despite the additional infor- 
mation in the extended fit the uncertainty on cos d 
increases due to the non-linear relationship be- 
tween cos S and y. However, the determination of 



Table 3 

TQCA results from the standard and extended 

fit. Uncertainties are statistical and systematic, 

respectively. 



3950108-002 



Parameter 



Standard fit 



Extended fit 



y (10- 3 ) 

r 2 (10- 3 ) 
cos 8 

x 2 (IO- 3 ) 
xsinS (10~ 3 ) 



-45 ±59 ±15 6.5 ±0.2 ±0.1 

8.0 ±6.8 ±1.9 3.44 ±0.01 ±0.09 

1.03 ±0.19 ±0.06 1.10 ±0.35 ±0.07 

-1.5 ±3.6 ±4.2 0.06 ±0.01 ±0.05 



(fixed) 



4.4 ±2.4 ±2.9 



x sin 8 in the extended fit allows the likelihood for 
8 to be determined. This leads to a measurement 
of 8 = (22tlltl 1 )°, which is the first direct de- 
termination. These measurements are important 
for the interpretation of the combined results on 
charm mixing 10J . 

4. Measurement of the coherence parame- 
ter and average strong-phase difference 

in D — » Kit-kit 

_The amplitudes for B~ -> D°K~ and B~ ->■ 
D°K~ have a relative phase between them of 
&b — 1, where 8b is the strong-phase difference. 
For decays in which the D° and D° decay to 
the same final state, /d, the two amplitudes in- 
terfere giving sensitive to 7. The amplitude for 
B~ -> D(f D )K~ is given by: 

i4(B~ -> D(f D )K-) ex A fl .+r B e ! ( <fl -^A F , (1) 

where rs < 0.13 at 90% c.l. [T] is the ratio of the 
absolute value of B~ -> LPR- to B~ -> D ^- 
amplitudes, and A^o and Atjq are the amplitudes 
for D° — > /o and D° — > /d, respectively. 

For the case where /d is i4T _ 7r + [5] the decay 
rates are equal to: 

r B -—/3(K-7r+)if- K l + (r B r) 2 

2r B r cos (<5 B - <5 - 7) , 



»Z>(K'+jr-).K'- 



+ 

oc 

+ 



2tbt cos (i5b + 8 — 7) 



The suppressed rate has an interference term of 
the same order as the other terms leading to en- 
hanced sensitivity to 7. 

The rates for fjj = K~tt + it + it~ are of a similar 
form, however, an additional coherence parame- 
ter, Rks-k, is introduced |llj to account for the 
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Figure 1. Extended fit likelihood including both 
statistical and systematic uncertainties for cos<5 
(a), x sin 8 (b), 8 (c) and simultaneous likelihood 
for cos 8 and x sin 8 (d) shown as contours in in- 
crements of lcr. The hatched regions contain 95% 
of the area in the physical regions. 



possibility of several different intermediate states, 
with differing strong phases, contributing, such as 
K*°p° and K (1270)^ tt+. For example the sup- 



pressed rate is given by: 



K3ir\2 



>D(K+tv-x-tv+)K- C< r B + (r D ) 



+2r B r% 6 *R K3 k cos (8b 



6™< 



7), 



where r^ 37r is the absolute of the ratio of DCS to 
CF amplitudes and S D :37r is the average strong- 
phase difference. 

The definition of Rkz-k is such that it takes 
a value between zero and one, with values ap- 
proaching zero corresponding to many different 
intermediate states contributing equally and val- 
ues approaching one corresponding to the dom- 
inance of a single intermediate final state. To 
exploit fully the sensitivity to 7, 8b and tb in 
the case of D — > K~tt + it + it~ external measure- 
ments of the coherence parameter are extremely 



important. 

The quantum correlated D°D° data allow di- 
rect measurements of Rkz-k and S^ 3n . Double- 
tagged rates are used to determine these param- 
eters; their dependence on the parameters are 
listed in Table [4j The interpretation of the mea- 
surement of K 7r =F 7r~7r + vs. K ± tt^ requires the 
meaurement of 5 presented in Section [3] 

The analysis has been performed on 818 pb -1 
of data and proceeds in a similar manner to that 
presented in Section [3] All the CP-tags listed in 
Table [2] are used in this analysis apart from K^ir ; 
this and other K\ modes will be included in an 
updated version of the analysis. In addition, the 
CP-tags Kg4> and KgTj' are included. The back- 
grounds levels are between 1 and 7% depending 
on the final state reconstructed. The efficiency for 
reconstruction for the different final states varies 
between 4 and 30%. 

The different constraints on Rr3-k and S^ 37r 
determined from the data are given in Table [4] 
The combined result for the nine CP tagged 
rates is shown; the combination is performed in- 
cluding systematic uncertainties and accounting 
for all correlations amongst the measurements. 
The combination of the three different constraints 
leads to the likelihood contours in Rk3tt and 
5p 37V space shown in Figure [2] The most likely 
values of the parameters are Rk3tt — 0.2 and 
5p 37T = 144°. A low value of the coherence pa- 
rameter is favoured. Low coherence dilutes the 
sensitivity to 7 of B — > D(K ± ir T TT~n + )K de- 
cays, however, the measurements are very sen- 
sitive to tb which is a common parameter with 
other B — ► DK decays. The usefulness of these 
constraints on Rkz-k and S^ 3n can be illustrated 
when they are combined with the expected yields 
for B -► D(Kir)K and B -> D(K3ic)K at the 
LHCb experiment |12|13|14] to determine 7. De- 
pending on the parameter values the uncertainty 
on 7 reduces by 25 to 35%. More details of this 
analysis are documented in Ref. [15) . 

5. Studies of the strong-phase variation in 

D -> K^ir+n- 

The process P ± — > D(KgTT + n^)K :iz currently 
provides the best determinations of 7 |16ll7j . The 
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Figure 2. The limits on Rkz-k and S^, 37r at the 1, 
2 and 3c level. 

sensitivity to 7 is exploited via likelihood fits to 
the Kgir + Tr~ Dalitz plot [18]. These fits require 
models of the D° — > Kgir + Tr~ amplitudes which 
introduce a 5° to 10° systematic uncertainty on 
7. Future measurements of 7 will be limited by 
this uncertainty. 

An alternative method is to perform a model- 
independent binned analysis of the Dalitz plots, 
which was orginally proposed in Ref. [18] and has 
been developed significantly in Ref. [19]. The 
binned method requires knowledge of two pa- 
rameters in each bin of the Dalitz space, Ci and 
Si, which are the average cosine and sine of the 
strong-phase difference between D° and D° de- 
caying to Kgir + ir~ , respectively. 

The values of c, and Si can be determined from 
^(3770) data at CLEO-c [2D]. The value of c, 
can be measured from differences in the CP+ 
and CP— tagged Dalitz plots; Si and Cj are deter- 
mined from double Kgir + ir~ vs. Kgir + ir~ events. 

The measurement of Cj and Si from CLEO-c's 
818 pb -1 sample of ^(3770) data is underway. 
Again M and AE are the main variables used to 
isolate the signal. The CP-tagged Dalitz plots 
and 7r + 7r~ invariant-mass squared distributions 
are shown in Figure [3] The presence of the quan- 
tum correlations is shown clearly by the absence 
of the p° in the CP— tagged data. 

Preliminary estimates indicate that these data 
will lead to a 3 to 5° uncertainty on 7 from those 
on the measurements of Cj and Si at CLEO-c. The 
measurements can be improved by including in- 
formation from Klir + Tr~ decays at CLEO-c. 



Table 4 

Double-tagged rates of interest and their dependence Rkz-k and <5^ 37r . The background subtracted yields 
from the 818 pb are shown along with the corresponding result for each measurement. Uncertainties are 
statistical and systematic, respectively. 



^±71-^7 



Measurement 



Signal yield 



K + TT^TT^ 

CP-tags 



R 2 



RK3n 
RkStt COS (<5 



COS <5|P 



-sp 



0.00 ±0.16 ±0.07 30 ±6 

• = -0.60 ±0.19 ±0.24 2183 ±47 

) = -0.20 ±0.23 ±0.09 38 ±6 



K s jr* 7t" vs. CP-even Tags 



K s ji* ji" vs. CP-even Tags 




K s ji + tt" vs. CP-odd Tags 



K s ji* jc' vs. CP-odd Tags 



0.5 1 1.5 






Figure 3. The distributions of the Kgir + 
invariant-mass squared vs. KgTr~ invariant-mass 
squared (left) and it + it~ invariant-mass squared 
for CP-even tagged (upper) and CP-odd tagged 
(lower) Kgir + ir~ events. The data sample corre- 
sponds to a luminosity of 818 pb -1 . 



REFERENCES 

1. J. Charles et al. (CKMfitter Group), Eur. 
Phys. J. C41, 1 (2005), u pdated resul ts and 
plots at http: //ckmf itter . in2p3/f r 

2. W.-M. Yao, Journal of Physics G 33, 1 2006. 

3. G. Viehauser et al, Nucl. Instrum. Meth- 
ods Phys. Res., Sect. A 462, 146 (2001); 
R. A. Briere et al. (CESR-c and CLEO-c 
Taskforces, CLEO-c Collaboration), Cornell 
University, LEPP Report No. CLNS 01/1742 
(2001) (unpublished). 

4. M. Charles, these proceedings. 



5. D. Atwood, I. Dunietz and A. Soni, Phys. 
Rev. Lett. 78 3257 (1997); D. Atwood, 
I. Dunietz and A. Soni, Phys. Rev. D 63 
036005 (2001). 

6. D. Asner and W. Sun, Phys. Rev. D 73, 
034024 (2006); 77, 019901(E) (2008). 

7. J. L. Rosner et al., Phys. Rev. Lett. 100, 
221801 (2008); D. As ner et al, to be pub- 
lished in Phys. Rev. P. larXiv:0802.2268l [hep- 
ex]. 

8. Q. He et al, Phys. Rev. Lett. 100, 091801 
(2008). 

9. T. E. Coan et al, Phys. Rev. Lett. 95, 181802 
(2005). 

10. A. J. Schwartz, arXiv:0803.0082 [hep-ex]. 

11. D. Atwood and A. Soni, Phys. Rev. D 68 
033003 (2003). 

12. LHCb Technical Proposal, LHCb Collabora- 
tion, CERN/LHCC 98-4 (1998); LHCb Re- 
optimized Detector, Design and Performance, 
LHCb Collaboration, CERN/LHCC 2003-040 
(2003). 

13. M. Patel, LHCb-2006-066. 

14. A. Powell, LHCb-2007-004. 

15. A. Powell, arXiv:0805.i722l [hep-ex], 

16. B. Aubert et a/.,larXjvL0804.2089 [hep-ex]. 

17. K. Abe et al, arXiv:0803.3375l [hep-ex], 

18. A. Giri, Yu. Grossman, A. Soffer and J. Zu- 
pan, Phys. Rev. D 68 054018 (2003). 

19. A. Bondar and A. Poluektov, [arXivi0801 . 0840 
[hep-ex]; A. Bondar and A. Poluektov, Eur. 
Phys. J. C47 347 (2006). 

20. E. White and Q. He. larXiv:0711.2285k rl [hep- 



